Introduction
============

With a 5-years overall survival rate of about 2%, the medical management of patients with glioblastoma (GBM) requires major improvements [@B1]. Despite a heavy line of treatments composed of surgery, radiotherapy and chemotherapy unfortunately, a tumor recurrence is always reported [@B2]. Improvements for the follow-up of the patients will come from new therapeutic approaches as complementary line of treatment. In this context, photodynamic therapy (PDT) stands as an interesting complementary approach for recurrent GBM [@B3]. Briefly, PDT is a local therapy that uses non-ionizing light from a LASER diode to activate a photoactivatable molecule called photosensitizer such as porphyrin or chlorin derivatives. Activation of this photosensitizer requires a suitable wavelength of the light to produce reactive oxygen species (ROS) and free radicals. We previously demonstrated that PDT stimulates the expression of several inflammatory mediators, including tumor necrosis factor-{alpha}, IL-6 [@B4]. Photodynamic therapy causes direct cytotoxicity to malignant cells and also indirect effects upon various non-malignant components of the tumor microenvironment. This action can lead to PDT-mediated angiogenesis and inflammation, which are emerging as important determinants of PDT responsiveness [@B4] [@B5] [@B6]. In the case of iPDT, the light is fed directly into the tumor tissue, allowing a physical targeting. Unfortunately, biological effects are often limited by the photons propagation; indeed, light penetration through tissues depends on the tissue\'s specific optical properties [@B7].

A phase II clinical trial (NCT01966809) was suggested to use PDT for recurrent high grade gliomas in intraoperative to improve the quality of the resection by cleaning up the resection banks. PDT offers a localized treatment approach in which improvements in local control of GBM may result in significant improved survival[@B8] [@B9][@B10]. However, the limitation mainly relies on the difficulty to highlight very early the presence of residual neoplastic cells post-treatment. Indeed, improvements in the relapse detection might help the clinician to a better treatment planning. In the last decade, Magnetic Resonance Imaging (MRI) has become the method of choice for diagnosis, intraoperative guiding and also for the treatment follow-up [@B11]. The routine MRI sequences used in the clinical practices of GBM are T2/FLAIR and T1 pre- and post-gadolinium injection. Both are suggested for diagnostic, treatment planning and even for intraoperative navigation [@B12]. Nevertheless, these sequences separately used can lead to misinterpretation and delay in the establishment of the prognosis [@B13]. Advanced MRI techniques bestow much more relevant information on GBM development such as cellularity, invasiveness, mitotic activity, angiogenesis and necrosis, helping in the glioma grading before treatment and follow-up after treatment [@B11]. This is the reason why advanced MRI, such as Diffusion Weighted-Imaging (DWI), ^1^H-Magnetic Resonance Spectroscopy (MRS) could be excellent tools to characterize and follow-up the tumor response to iPDT.

Bobek-Billewicz *et al.* suggested using DWI to discriminate radiation necrosis from tumor recurrence and to adapt the clinical management more quickly [@B14]. Indeed, before the resumption of tumor growth or a change in contrast enhancement, molecular changes occur into the tumor tissue and could be detected earlier with other MRI sequences than T1 (pre- and post-gadolinium injection) and T2/FLAIR. DWI remains a very promising MR sequence that allows analyzing water mobility and collates relevant information on tissue architecture at a microscopic level [@B15] [@B16] [@B17] \[Le-Bihan, D. Diffusion MRI: what water tells us about the brain EMBO Molecular Medicine, 2014, 6, 569-73; Kalpathy-Cramer, J.; Gerstner, E. R.; Emblem, K. E.; Andronesi, O. & Rosen, B. Advanced Magnetic Resonance Imaging of the Physical Processes in Human Glioblastoma Cancer Res, 2014, 74, 4622-4637; Schaefer, P. W.; Grant, P. E. & Gonzalez, R. G. Diffusion weighted MR Imaging of the Brain Radiology, 2000, 217, 331-45\]. Precious additional clinical studies on its utility and effectiveness as prognosis response in cancer treatment have previously concluded that DWI could be suggested as a biomarker, requiring to be tested in more appropriated clinical trials [@B18]. The T2\* weighted imaging is sensitive to the presence of hemoglobin and water content appears hyperintense into the tumor tissue. Mabray *et al.* present this sequence as a tool to follow chronic micro bleeds induced by radiation therapy [@B19] [@B20].

Magnetic Resonance Spectroscopy (MRS) offers a wide range of potential prognostic factors, but is still under investigation mainly due to the complexity of the data evaluation. MRS provides important information on tumor metabolism, such as N-acetyl-aspartate (NAA), choline, or creatine levels [@B21] [@B22]. This sequence could become a standard and represents a valuable diagnostic tool for evaluation of metabolic changes in intracranial neoplasms after radio surgical treatment [@B23]. Several studies have already suggested metabolites ratio such as choline/NAA or choline/creatine as an early predictive value in the tumor response after surgery and radiotherapy [@B24] [@B25].

Despite the wealth of information gathered by these MRI sequences, the lack of consensus on the methodology makes their routine clinical practice still difficult and under debate.

To demonstrate the feasibility of the iPDT followed by MRI, our team evaluated the potential of AGuIX® multifunctional nanoparticle composed by the combination of MRI contrast agents and a photosensitizer for iPDT [@B26]. We demonstrated a positive contrast enhancement of the tumor tissue using T1-weighted imaging few minutes post-intravenous (i.v.) injection of these multifunctional nanoparticles. These nanoparticles provide interesting possibilities for new avenues to significantly improve iPDT. The positive contrast enhancement of the tumor tissue allowed us to optimize the optical fiber implantation. Moreover, a judicious choice of iPDT regimens could be suggested to promote iPDT efficiency and to consider a rationalized fractionated treatment. In this original preclinical paper our goal was to characterize by MRS, DWI and T2\* the direct and indirect iPDT effects on an orthotopic human GBM model in *nude* rats and to elicit early predictive values of the treatment efficiency. For the first time, we demonstrated the ability of a longitudinal follow-up to characterize the tumor response by structural, vascular and metabolic ways and unexpectedly, we clearly highlighted the ability to discriminate iPDT non-responding from responding animals.

Materials and Methods
=====================

***Nanoparticles synthesis:*** AGuIX® nanoparticles were prepared in diethylene glycol (DEG) according to Le Duc *et al*[@B27]. AGuIX® nanoparticles (1500 µmol of Gd^3+^) were dispersed in water at a pH of 7.4 (3 mL, \[Gd^3+^\] = 500 mM). After 1 hour, the suspension was heated at 40°C and DEG (12 mL) already heated at 40°C was added. A solution of 5-(4-carboxyphenyl succinimide ester)-10,15,20-triphenylporphyrin (113.4 mg, 150 µmol, 10 Gd^3+^ per TPP) in dimethyl sulfoxide (DMSO) (7.56 mL, \[TPP\] = 15mL/mL) was added drop by drop to the dispersion of nanoparticles under stirring. The mixture was stirred at 40°C for 12 hours in the dark.

***Number of TPP per Gd quantification****:* Lyophilized nanoparticles were first dispersed in water for one hour at room temperature, \[Gd^3+^\] =50 mM and pH=7.4. Then the solution was diluted in water to \[Gd^3+^\] = 0.5 mM and absorbance measured at 520 nm, 555 nm, 590 nm and 650 nm (Q bands). The nanoparticles solution was diluted to \[Gd^3+^\] = 27 µM in water and absorbance measured at 420 nm (Soret band). The average result gives 14 Gd^3+^ per TPP.

***Photophysical properties:*** Absorption spectra were recorded on a Perkin-Elmer (Lambda 2, Courtaboeuf, France) UV-visible spectrophotometer. Fluorescence spectra were recorded on a SPEX Fluorolog-3 spectrofluorimeter (Jobin Yvon, Longjumeau, France) equipped with a thermo stated cell compartment (25°C), using a 450 W Xenon lamp. Fluorescence quantum yields (Φ~f~) were determined using a TPP solution as a fluorescence standard. For the direct determination of singlet oxygen quantum yield (F~D~): excitation occurred with a Xe-arc, the light was separated in a SPEX 1680, 0.22 µm double monochromator. The detection at 1270 nm was done through a PTI S/N 1565 monochromator, and the emission was monitored by a liquid nitrogen-cooled Ge-detector model (EO-817L, North Coast Scientific Co).

***Dynamic light scattering size and ζ-potential measurements:*** Direct measurements of the size distribution of the nanoparticles suspended in any medium were performed via Zetasizer NanoS DLS (Dynamic light scattering, laser He-Ne 633 nm) from Malvern Instrument. The ζ-potential of the nanoparticles was also performed *via* a Zetasizer NanoS. Prior to the experiment, the nanoparticles were diluted in an aqueous solution containing 0.01 M NaCl and adjusted to pH 7.4.

***U87 Glioblastoma cell culture:***U87 glioblastoma cells (ATCC, Manassas, VA, USA) were maintained in monolayer culture (37°C, 5% CO~2~, 95% O~2~) in Dulbecco\'s modified eagle medium (DMEM) supplemented with 10% fetal bovine serum (PAN biotech, GmbH, Aidenbach, Germany), 5% penicillin and streptomycin, 1.25% sodium pyruvate, 1% essential amino acid, 0.5% non-essential amino acid, 0.4% vitamins, 1% L-glutamine, L-serine, L-asparagine (Gibco, invitrogen, Saint Aubin, France).

***Animals and stereotactic xenograft implantation:***Animal procedures were performed according to institutional and national guidelines. All experiments were performed in accordance with animal care guidelines (Directive 2010/63/EU) and carried out by competent and authorized persons (personal authorization number 54-89 issued by the Department of Vetenary Services) in a registered establishment (establishment number C-54-547-03 issued by the Department of Vetenary Services). Male athymic nude rats (Hsd:RH-Foxn1rnu) were chosen for this study (Envigo, Gannat, France). The rats were used for tumor implantation at age of 8 weeks (180-220 g). During microsurgery (implantation or treatment protocol) and all acquisitions with microimaging, rats were anesthetized with a mixture of air and isoflurane concentrate (1.5-2% depending on the breathing) under sterile conditions. The rats were placed into a Kopf stereotactic frame (900M Kopf Instruments, Tujunga, CA). A midline incision was done and a burr hole was drilled 0.5 mm anterior and 2.7 mm lateral to the bregma. A skull anchor (Patent N° 11 55596) was fixed. 5.10^4^ U87 cells were suspended in 5 µL Hank\'s Buffered Salt Solution (HBSS, 1X) and were injected in 4.4 mm into the brain parenchyma with a flow of 0.2 µL/min using a 10 µL Hamilton syringe. After injection, the scalp incision was sutured (Suture 6.0 filament) and the surface was antiseptically cleaned.

***Nanoparticles preparation for in vivo studies:***Nanoparticles were suspended in ultrapure water and NaCl 9% (20:80) to obtain an equivalent concentration of 2.5 mM TPP or 60 mM Gd. Each batch of nanoparticles was buffered in order to obtain an iso-osmolar solution and pH 7.4 and conserved at 5°C. Injected TPP amounted to 1.75 µmol/kg as previously described [@B26]. The injection solution was prepared by dissolution in 9% NaCl to obtain an injection volume of 600 µL (e.g. 0.525 µmol of TPP or 12.7 µmol of Gd for a body weight of 300 g) and injected, following by 600 µL of 9% NaCl were injected during 1 min.

***Interstitial Photodynamic Therapy:***The treatment happens 10-12 days after the graft when the tumor reached approximately 2.5±0.5 mm of diameter. The animal was maintained under volatile anesthesia (EZ-7000, WPi, Sarasota, USA) consisting in a mixture of 2% isoflurane (IsoFlo; Axience, Pantin, France) and air during MRI monitoring and treatment. The rats\' temperature was maintained at 37°C thanks to the heating bed. The blood oxygenation was monitored all along the longitudinal follow-up and did not go down 87%. One hour prior the irradiation, the nanoparticles preparation was injected by intravenous administration in the caudal vein. Then the treatment was performed at 50 mW in fiber output (UltraSil ULS 272; OFS, Norcross, USA), 26 J and 652±1 nm with a laser diode (Biolitec, Jena, Germany). Sham rats received an injection of nanoparticles without photosensitizer one hour prior to iPDT.

***MRI-guided iPDT and light delivery*:** Light delivery fiber was inserted through the skull anchor into the tumor tissue. The fiber tip (272 nm diameter, ULS 272, OFS, Norcross, U.S.A.) delivered the light (652 nm, 50 mw, 8 min 40 s, 26 J). A T1 weighted imaging in the coronal plane (TURBO-RARE, TR/TE: 400/9ms, NEX: 2, FOV: 4x4 cm, matrix: 256x256, SI: 1 mm) as a reference image before the injection of the nanoparticles, and a second T1 weighted MRI in the coronal plane to confirm their presence and to measure the coordinates for the fiber placement were performed. Then a density proton weighted image (TR/TE: 5000/33ms, NEX: 2, FOV: 4x4 cm, matrix: 256x256, SI: 1 mm) was performed before iPDT in order to control the positioning of the optical fiber inside the brain.

***MRI acquisition protocol:*** The MR experiments were performed on a small animal 7 Teslas magnet (Bruker, Biospec 70/20 USR, Ettlingen Germany). A transmit body coil and a receive head coil were used for all acquisition except for the proton density weighted acquisition where just a transmit/receive body coil was used. The software Paravision 5.1 (Bruker, Ettlingen, Germany) was used to analyze the data. The MRI acquisition protocol was repeated at the eight times of the follow-up: the pre-treatment and post-treatment days (t=0), 1, 2, 3, 4 and 7 days post-treatment. The MRI acquisition protocol was composed by six images sequences and lasts 1h40: T2 weighted imaging (TURBO-Rapid Acquisition with Relaxation Enhancement TR/TE: 5000/77ms, NEX: 2, FOV: 4x4 cm, matrix: 256x256, SI: 1 mm) in axial and coronal planes to visualize the tumor in hyperintense. Diffusion-Weighted Imaging (DWI) on the slice of interest (Spin Echo-Echo Planar Imaging, TR/TE: 3000/30ms, six b values (100, 200, 400, 600, 800 and 1000 s/mm²), FOV: 4x4 cm, matrix: 128x128, SI: 1mm) defined from the fiber positioning. Taking into account the exponential diffusion signal decay, six b values were selected for a better fitting of the exponential curve. This has all been possible as we were not constrained by the movements of the anaesthetized animals and the duration of the acquisition. An Apparent Diffusion Coefficient map was calculated from the SE-EPI acquisition. This sequence was used to observe the water diffusion of the tissue.

Multi Gradient Echo-T2\* acquisition (TR: 1500ms, 12 TE: range from 4 to 60ms, FOV: 4x4 cm, matrix: 256x256, SI: 1 mm) was performed on the same slice of interest. A T2\* relaxation map was calculated from the T2\* acquisition. The Bruker t2vtr-fitting function (Paravision 5, Bruker) based on the equation below was applied to calculate T2\* relaxation time as a function of signal intensity and TE values of each image:

y= A+Cexp(-t/T2\*)

With: A= absolute bias, C= signal intensity, T2\*= spin-spin relaxation time All calculated T2\* times were given in ms. ^1^H-MR spectroscopy PRESS-1H (Point RESolved Spectroscopy) sequence (TR/TE : 2500/20ms, NEX : 512, VOI : 2.5x2x3mm) combined with a water suppression sequence VAPOR (VAriable Power Optimized Relaxation delays) are used for acquiring in single voxel spectroscopy one spectrum from a voxel placed on the tumor and another one on the contralateral side. Before MRS and T2\* weighted images, a second order shim was performed.

***MRI monitoring:***The tumor response to the treatment was monitored by MRI from the pre-treatment to 20 days after the treatment. Each MRI session included an anatomical MRI, a diffusion MRI, a T2\* MRI and a MRS. MRI session were performed just before the treatment, just after the treatment and 1, 2, 3, 7 and 10 days after the treatment. All sequences of one MRI session were carried out consecutively without moving the animal.

***Images analysis:***The volume of the tumors was achieved with a segmentation software ITK-SNAP 3.0.0 [@B28]. Mean ADC value of the tumor comes from a ROI which circled the whole tumor on the T2 weighted images and which is then, replaced on the ADC map. The ADC ratios were calculated by dividing the tumor ADC value by the contralateral ADC value. Each ratio was then normalized to the pretreatment ratio. The VOI for MRS was drawn on the T2 weighted images, and included the whole initial tumor volume (7.2 ±3.1 mm^3^) and also the brain adjacent to tumor. For the final stages, the whole tumor (63.1 ± 56.6 mm^3^) was filling the VOI so that the voxel remains focused on tumor. Each brain tissue spectrum was analyzed using jMRUI software with a basis set of prior knowledge containing 17 peaks which correspond to 9 metabolites (Lipids/lactate (CH/CH2/CH3), N-Acetyl-Aspartate (NAA), glutamine, glutamate, glutamine-glutamate (GLX), creatine (Cr), choline (Cho), taurine, myo-inositol (MIn)) [@B29] [@B30]. The metabolites expression was determined using the water signal as a reference, and therefore all amplitudes were expressed semi quantitatively. AMARES algorithm is used for the quantitation [@B31].

The proportion of hemorrhage and the proportion of the water compartment came from T2\* map. The ROIs have always the same size and enclosed the tumor and its periphery, in order to assess the micro hemorrhages and the water content changes, induced by iPDT, in and around the tumor. An arbitrary threshold was defined to quantify the hemorrhage or the water content. The proportion of hemorrhage or water content was respectively defined as the ratio of the number of pixels under or upper the threshold divided by the total number of pixels.

***Light propagation Simulation:***The simulation of photon propagation in the tumor volume and healthy tissues was made with Molecular Optical Simulation Environment (MOSE), a simulation platform for optical molecular imaging research co-developed by Xidian University, Institute of Automation, Chinese Academy of Sciences, China and Virginia Tech-Wake Forest University School of Biomedical Engineering & Sciences, USA. The parameters of the simulation were a sphere of the corresponding diameter for the tumor, a cube of 4 mm side for the healthy brain, a flat cylindrical light source at 652 nm (**Figure [7](#F7){ref-type="fig"}c and d**). The characterization of optical coefficients in various biological tissues of different species exists in the literature. However, there are very few studies evaluating these coefficients *in vivo*, and let alone in presence of nanoparticles. We used a method developed by our group to estimate the *in vivo* optical parameters. The *in vivo* values of the optical coefficients (absorption and scattering µa and µs, respectively) of subcutaneous U87MG tumors grafted in nude mice with and without AGuIX® nanoparticles were estimated by solving the inverse problem using fast Monte Carlo simulation and experimental spatially resolved diffuse reflectance spectra [@B32].

***Immunohistochemistry:***The brains were kept in formol® (CARLO ERBA Reagents S.A.S, Val de Reuil, France) during 10 days. The tissue samples were dehydrated in successive ethanol baths from 70° to 100° to finish in toluene. They were conserved as 5 µm thick slice in paraffine. Immunohistophatology was performed on deparaffined slices. The unmasking step was performed at 110°C/5min in citrate buffer. To detect tumor cellular proliferation, sections were incubated for one night at room temperature with the primary antibody (rabbit monoclonal antibody anti-Ki67, 1:200 dilution buffer; SP6, RM-9106-S0, S1, NeoMarkers, Labvision). After washing, the slides were incubated for 1 hour with the secondary goat polyclonal antibody anti-rat biotinylated IgG (1:400 dilution in PBS-Tween E0432, Dakocytomation, Denmark). The revelation of secondary biotinylated antibodies was performed with a streptavidin-horseradish peroxidase complex (1 h at room temperature, diluted 1:400 in PBS-Tween, Dakocytomation, Denmark) and the peroxidase substrate (5 min, Vector® NovoRedTM Substrate Kit for peroxidase, HistoGreen, Vector Laboratories, Paris). A hematoxylin counterstaining was performed to visualize the section by optical microscopy (Eclipse E600, Nikon France S.A, Champigny sur Marne, France). ImageJ was used to perform counting. KI67 index is the number of nuclei stained on the number of nuclei unstained, counting on 3 different images, x40 magnification.

***In vivo PDT response variables:***Following PDT, tumor volume was measured by segmentation on T2 weighted images. For the statistical analysis, we used an innovative approach developed by Bastogne *et al.* and based on the mixed-effect modeling of the tumor responses [@B33]. Its main advantage is to account for all the tumor kinetics and not only a specific end-point, which allows to significantly enhancing the statistical power of the tests. This method firstly required to define a parametric model of the kinetic response and secondly to determine the values of the model parameters with a maximum likelihood estimator. For the modeling step, originality was also to consider the equivalent diameter instead of the tumor volume. The diameter response generally showed a linear trend and therefore a simpler model [@B34] [@B35]. As previously described, an exponential-linear model structure was used:
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where *x* is the tumor diameter (D), *t* is the time variable, *k~1~, T, k~2~, τ* are the model parameters to be estimated from the experimental data [@B33]. This model was implemented in the computational environment Matlab^©^ with the toolbox Monolix^©^. Three groups of animals were deduced from this model, a non-treated group (control), a partially treated group (non-responder) and completely treated group (responder). The growth rate *k~2~*decreased of about 30% *versus* 57% for the non-responder and responder animals, respectively.

Statistical Analyses
--------------------

Data were presented as mean ± standard deviation (SD). The GraphPad (Prism5.01, San Diego, USA) software was used to perform statistical tests. A non-parametric test Kruskal-Wallis with an additional Dunn\'s test were suggested to compare the three groups with p\<0.05. A log rank test was used for the Kaplan-Meier curves. A non-parametric statistical test, the Mann-Whitney U was also used with p\<0.05 or p\<0.10.

Results and Discussion
======================

Nanoparticles characterizations
-------------------------------

**Figure [1](#F1){ref-type="fig"}** summarizes the chemical and photophysical characterizations of a 5-(4-carboxyphenyl)-10,15,20-(triphenyl)porphyrin (TPP) grafted onto AGuIX® nanoparticles (AGuIX-TPP) compared to AGuIX® alone and TPP molecule. AguIX® are sub-5 nm nanoparticles made of a polysiloxane matrix surrounded by gadolinium chelates covalently grafted to the inorganic matrix. The grafting of the TPP was obtained by the formation of a peptide bound between free amino function in the nanoparticle and the NHS ester on the TPP. Fluorescence (**Figure [1](#F1){ref-type="fig"}a**), absorption (**Figure [1](#F1){ref-type="fig"}b**) and ^1^O~2~ luminescence *spectra* (**Figure [1](#F1){ref-type="fig"}c)**were assessed in toluene for free TPP and in D~2~O for AGuIX-TPP. No significant changes in the quantum yields of fluorescence and ^1^O~2~ were observed between free TPP or grafted onto AGuIX® (**Figure [1](#F1){ref-type="fig"}e**). We demonstrated that the grafting of the TPP molecule on the AGuIX® did not modify its chemical and photophysical properties. Size distribution and zeta potential are given **Figure [1](#F1){ref-type="fig"}d**. The hydrodynamic diameters were 2.0±0.9 nm and 11.2±3.9 nm for AGuIX® and AGuIX-TPP, respectively (**Figure [1](#F1){ref-type="fig"}d**). The presence of TPP induces a decrease in the surface charge, as measured by zeta potential at pH 7.4. As previously demonstrated, the derivatization of the nanoparticles by tetra azacyclo dodecane tetra acetic acid (DOTA, an active chelator substance) rendered them water soluble in a wide pH range, including pH of biological fluid [@B26].

Tumor volume and apparent diffusion coefficient (ADC) post-iPDT
---------------------------------------------------------------

Using the same procedure than Bechet *et al.*, the tumor volume visualized by T1-weighted imaging after injection of AGuIX-TPP, was illuminated *via* an optical fiber placed stereotactically into the brain of each rat. To perform iPDT, the optical fiber position was confirmed by a coronal and sagittal proton density-weighted MRI acquisition (**Figure [2](#F2){ref-type="fig"}a and b**) [@B26] [@B36] [@B37]. The sham rats were represented as control group (*i.e.* rats exposed to light 1 hour post-i.v. injection with AGuIX nanoparticles without photosensitizer). Using AGuIX-TPP nanoparticles, iPDT induced a statistically significant efficiency compared to the control group (**Figure [2](#F2){ref-type="fig"}c**). GBM tumor cellularity was evaluated by T2-weighted MR images and DWI which provides information on water molecular diffusion. Theoretically, a high cellularity may impede free water diffusion resulting in a reduction of the ADC values [@B38]. We examined the usefulness of DWI post-iPDT through the evaluation of response patterns based on ADC changes. Unexpectedly, the ADC values based on the entire tumor volume data, did not demonstrate any statistically significant differences between the control and the treated groups (**Figure [2](#F2){ref-type="fig"}d**). Nevertheless, as soon as 1 day post-iPDT, the ADC maps illustrated clearly a difference in the cytoarchitecture of the tumor tissue compared to the control group (**Figure [2](#F2){ref-type="fig"}e**). Indeed, an inflammatory effect with vasogenic and cytotoxic *edema* was evidenced 1 day post-treatment for the treated group. The hyperintense area of the T2 weighted images matches with the hyposignal area of the ADC map which means a low water mobility, making a finding of cytotoxic *edema.* No induction of the inflammatory effect was evidenced for the control group meaning that the insertion of the optical fiber through the cortex into the tumor led to no disruptive effect and that AGuIX® nanoparticles without photosensitizer were inert material.

MR Imaging of cellularity, *edema* and micro-hemorrhages
--------------------------------------------------------

Two commonly used characteristics of tumor growth are the tumor growth delay and the tumor volume. We previously suggested the equivalent diameter as a pertinent tumor growth statistic tool that can be used as response variable [@B33]. Originality was to consider this equivalent diameter (D) instead of the tumor volume. D is a new tumor diameter growth model characterizing early, late and steady-state treatment effects [@B7]. Indeed, tumor volume and tumor growth delay responses only give quantitative information about the tumor growth at an event point but provide no information about the global behavior of the tumor before or after this event. Using this dynamic model from the experimental data (for details see Experimental section and [@B33]), we can clearly identify two different profiles of iPDT response concerning the treated group (**Figure [3](#F3){ref-type="fig"}a**), also underlined using Kaplan-Meier survival curves (**Figure [3](#F3){ref-type="fig"}b**). Taking into account this discrepancy, we decided to integrate this consideration by comparing the data from MRI analysis between these two sub groups, the responder group (**Figure [3](#F3){ref-type="fig"},**red) and the non-responder group (**Figure [3](#F3){ref-type="fig"}**, blue).

The ADC values of the tumor region of interest (ROI) demonstrated from one to three days post-iPDT firstly, statistically significant differences between the control and responder groups and secondly, statistically significant differences between both treated groups (*i.e.* responder *vs*. non-responder) (**Figure [3](#F3){ref-type="fig"}c**). These major results revealed a significantly higher frequency of high ADC values in the responder group, corresponding to a decreased cellularity into the tumor tissue due to the photodynamic effect. This efficiency was not observed in the non-responder group. Interestingly, seven days post-iPDT those discrepancies disappeared, meaning that this treatment effect did not remain a discriminant event. Many studies described variations of ADC values related to changes induced by treatments such as radiotherapy [@B39]. Just after treatment, some studies reported a transient decrease of ADC values due to a vascular *collapsus* and a cell swelling, arising from the reduction of extracellular space [@B40]. An extracellular edema and a cellular necrosis are events which coincide with an increase of the ADC values [@B41] [@B42] [@B43]. It is also perfectly well described that PDT induces membrane associated damages that occurs *via* protein cross linking and lipid peroxidation. This leads to alterations in membrane permeability with subsequent cellular swelling and lysis, a vascular shutdown and acute inflammatory/immune responses [@B44]. The early changes in ADC values of the responder group are in accordance with a necrosis process and a release of cell content in the extracellular space, leading to an inflammatory reaction and an increase in vessels permeability.

The major utility of T2\* susceptibility sequence in brain tumor imaging is to provide information on radiation induced chronic micro-hemorrhages. Indeed, these sequences are very sensitive to blood products and may be very helpful to depict post-iPDT micro-hemorrhages. As described by [@B19] [@B20], susceptibility weighted imaging (SWI) could lead to an improved sensitivity to venous blood and hemorrhage compared to T2\* sequence however only T2\* weighted magnitude images can succeed to have quantitative T2\* values, useful to discriminate states of tissues. For the non-responder group, micro-hemorrhages were observed immediately and 1-day post treatment and for the control group, a marked micro hemorrhagic process about 5-fold higher, appeared in later stage post treatment (**Figure [3](#F3){ref-type="fig"}d**). GBM is among the most vascularized of all solid tumors, and relies upon angiogenesis for growth and histological progression. A number of proangiogenic factors promote angiogenesis in GBM such as vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), platelet-derived growth factor (PDGF) and angiopoietin-2 (Ang-2). For instance, overexpression of VEGF can degrade the capillary basement membranes of tumor vessels, causing them to become more permeable and leak plasma fluid and proteins from the intravascular compartment into the brain parenchyma. The extension of the micro-hemorrhages was differently localized between the responder and non-responder groups (**Figure [4](#F4){ref-type="fig"}a and b**). Non-responder rats described a major hemorrhage on the top of the tumor tissue area, corresponding to the brain adjacent to tumor (BAT) and a minor one inside compared to responder rats which demonstrated a predominant micro-hemorrhage into the tumor rim.

It is now well established that complex interactions between cancer and stromal cells within the tumor microenvironment play major roles in cancer progression at both the primary and metastatic sites [@B45]. In GBM, the serine protease urokinase plasminogen activator (uPA), and matrix metalloproteases such as MMP-2/MMP-9 contribute to its invasive growth pattern. Indeed, the invasive growth of GBM relies strongly on the restructuring of the extracellular matrix (ECM). ECM restructuring typically involves three steps, adhesion, degradation and migration, and it is induced by the serine protease uPA and is carried out by plasmin and various MMPs. In the case of GBM, a prominent infiltration zone was created between the solid tumor and normal brain adjacent tissue, containing multiple tumor cell aggregates which could be potentially responsible for recurrent tumor growth. Thus, micro-hemorrhage into the BAT is thought to cause an initial early reversible opening of the brain blood barrier due to activation of MMPs, which is distinct from a delayed secondary opening caused by inflammatory response days later [@B46]. **Figure [3](#F3){ref-type="fig"}e** highlights the water content of the tumor tissue and the BAT. With no doubt, according to the DWI images a major inflammatory effect and vasogenic *edema* characterized the responder group.

Metabolic approach by MRS
-------------------------

With the recent advancement of MRS, biologically relevant intracellular metabolites can be detected. This non-invasive imaging with ^1^H-MRS, led us to perform analysis of the metabolism of tumor tissue and contralateral hemisphere post-iPDT. This approach allows measurements of metabolites for specific atomic nuclei and their components, including choline-containing components (Cho), creatine (Cr), N-acetyl aspartate (NAA), lipid such as CH/CH2/CH3 levels, myo-inositol (MIn), glutamate plus glutamine (GLX), and taurine. For instance, Opstad *et al.* demonstrated that the measurement of taurine in gliomas *in vivo* by non-invasive MRS could be a useful technique for monitoring tumor apoptosis in clinical practice [@B47]. NAA is a predictor for neuronal integrity since decreased levels are usually observed after brain injury. The second most commonly observed MRS finding after brain tumors is the increased of Cho levels *via* cell membrane disruption and altered phospholipid metabolism, which are biomarkers for cell membrane turnover [@B46]. The Cho level may be suggested to predict the malignancy of gliomas. The Cho level has also been found to correlate with the cellular density of tumors and the Cr peak appears to be an indicator of cell energy metabolism and can be used to distinguish pure tumors from pure necrosis. It was described that Cho, lipid and lactate levels normalized to Cr are strong predictors of survival [@B48].

The stability of metabolites rate in the contralateral side during the longitudinal follow of each rat was also checked to assume that iPDT had no effect on the healthy hemisphere. MRS *spectra* for each rat were acquired from the tumor and contralateral side. The analysis of the MRS *spectra* provided precious information on the metabolic state **(Figure [5](#F5){ref-type="fig"})**. The metabolite rates were normalized to the water amplitude of the contralateral side, usually used for its low variability [@B49]. The maximum variation of water amplitude reaches a mean value of 9% between 1 and 2 days post-iPDT (**Figure [5](#F5){ref-type="fig"}a**). Seven metabolites of the cerebral metabolism devoted all our attention lipid (CH/CH2/CH3), NAA, GLX, Cr, Cho, Tau and MIn (**Figure [5](#F5){ref-type="fig"}b**) and their expression was assessed at different days after iPDT for the three groups (**Figs [4](#F4){ref-type="fig"}c-h**). As expected, before treatment, all groups displayed comparable levels of each metabolite, considered as a metabolic signature of the tumor tissue (**Figure [5](#F5){ref-type="fig"}c**).

No significant difference appeared just after iPDT but very interestingly as soon as 1 day post-iPDT, the responder group distinguished itself from control and non-responder groups by the lipid amplitude which was, 2 days post-iPDT, statistically significantly higher whereas Cho and MIn amplitudes were reduced (**Figure [5](#F5){ref-type="fig"}e**). These discrepancies were accentuated 3 days post-treatment (**Figure [5](#F5){ref-type="fig"}f and g)**.

For the responder group, the lipid level evolution was reversed from 3 days post-iPDT **(Figure [5](#F5){ref-type="fig"}h)**. The observation of elevated lipid levels is believed to be associated with a membrane breakdown; it depicts necrosis process related to an insufficient blood flow leading to ischemia. It could also be the result of anaerobic glycolysis. According to these results, the lipid analysis may be very useful in an early differentiation of the tumor recurrence post-iPDT. Moreover, the hypothesis of a necrosis death pathway was also confirmed by the ADC map, illustrating a major increase in the tumor water mobility in the responder group (**Figure [3](#F3){ref-type="fig"}c**). After radiotherapy, a lipid signal is also observed and could originate from the change of metabolism of irradiated cells [@B50]. Kimura *et al.* show that the ratio Cho/lipid was also used in the attempt to diagnose radiation necrosis, describing in that case, a high lipid-dominant peak [@B51].

We also evidenced that from the first day post-iPDT the relative amplitudes of Cho and Min metabolites were statistically significantly different for the non-responder group. Choline is involved in the membrane metabolism and its decrease in the responder group indicated a rapid cellular membrane turnover. The third metabolite which emerged was MIn, found in great abundance within glial cells as indicator of the microglial activation and proliferation [@B52]. MIn is one of nine distinct isomers of inositol. It is found in phospholipids which function as cellular mediators of signal transduction, in metabolic regulation, and growth. Its decrease in the responder group argues the proliferation shutdown.

MRS modality highlights very precious qualitative data on the tumor response mechanisms. Three main metabolites, Lipids, Cho and MIn, could be suggested as early indicator of treatment response.

Vascular effects and proliferation rate
---------------------------------------

In order to argue the MRI observations, we also performed immunohistochemistry analysis. Histological examination of tissue sections taken from brain tissue 1 day after iPDT indicated an *edema* into both tumor and BAT areas **(Figure [6](#F6){ref-type="fig"})**. However, only responder rats exhibited a major inflammatory process with neutrophils infiltration (**figure [6](#F6){ref-type="fig"}a and d**). Li *et al.* also reported that immune response plays a key role in iPDT anti-tumor activity, inducing an increase in immune cells infiltration [@B53].**Figure [6](#F6){ref-type="fig"}b** demonstrated the cell death induction by many apoptotic bodies into the tumor area. In accordance with the decrease of Cho and MIn levels, an intense decrease of Ki67 index was observed into the tumor tissue after iPDT for the responder group around 2 times less compared to the non-responder group (**Figure [6](#F6){ref-type="fig"}c and f**). For the non-responder group, iPDT induced major micro-hemorrhages into the BAT**(Figure [6](#F6){ref-type="fig"}e)**. This observation is also in accordance with T2\* map images.

Monte Carlo simulation of light scattering
------------------------------------------

To understand the differential tumor response within the treated group (*i.e.* responder and non-responder), we explored the notion of light dosimetry. To take into account the light dose deposition, we performed Monte Carlo simulation under MOSE software. The settings were estimated from our experimental *in vivo* conditions. They concerned the optical properties of the tumor and healthy tissues with AGuIX® nanoparticles, the fiber placement as well as the radiant power, the radiant energy and the light wavelength. Based on the scattering of the emitted photons and due to the optical fiber positioning, we determined that only the tumor tissue of the responder group received a sufficient photodynamic dose to the tumor bulk (**Figure [7](#F7){ref-type="fig"}**). The isodose curves were deduced by simulation from the light source, corresponding to 80, 60, 40, 20, 10, 5 and 2 % of the initial light dose and to complete these investigations, we also evaluated the percentage of photons into the tumor tissue. We obtained an average of about 71% *versus* 67% **Figures [7](#F7){ref-type="fig"}c and 7d**, respectively. This slight difference argues that the positioning of the optical fiber to the ring of the tumor volume could also be a strong contributing factor. Indeed, molecular oxygen concentration is heterogeneous within the tumor, due to differences in vascularization and oxygen supply and we previously demonstrated that the margins of the orthotopic human U87 GBM model xenografted in nude rat were more vascularized than its center [@B26].

The light distribution through the whole tumor volume in deep-seated tumor remains a limiting factor to reach an optimal PDT effect. To complicate matters, its planning depends mainly on photosensitizer concentration, light diffusion and oxygen consumption which can vary during treatment (*e.g.* photobleaching of the photosensitizer, variations of tissue optical properties and of molecular oxygen concentrations due to photochemical consumption during treatment and/or vascular damage). As opposed to chemotherapy, where the main factor is the drug dose, to be determined by a classical dose escalation methodology, PDT not only is linked to a molecule but is a complex technique wherein several factors (photosensitizer, light dose, and oxygen) interact with each other. A modification of the optical fiber positioning from the center to the ring led to a different photodynamic dose. These difficulties make the determination of the PDT modalities a nonlinear and multivariate optimization problem, and a successful dosimetry strategy has to take into consideration these particular aspects.

Review of results
=================

As previously published by our group, we would like to point out that tumor response post-PDT once again demonstrates the crucial role of light dose deposition [@B7]. The multimodal MRI approach and MRS allow us to have a better understanding of the early effects induced by AGuIX® nanoparticles after iPDT. We selected the different aspects of the treatment response by their direct or indirect effects. Classically PDT leads to tumor eradication through the direct effect (destruction of tumor cell), and the indirect effect (collapse of tumor vascularization and activation of the immune and inflammatory response). We summarized the longitudinal tumor response in **Table [1](#T1){ref-type="table"},**characterized by a major inflammatory process with a cytotoxic and vasogenic *edema*, an ischemia and antiproliferative activity. The ischemia was validated by the rise in the CH/CH2/CH3 level. The antiproliferative effect was also confirmed by the higher level in lipids, the decrease in Cho and Min expression, and KI67 staining. A necrosis deduced from the high CH/CH2/CH3 level and ADC map was also observed, showing an increase of the water mobility in the tumor center.

In this original preclinical paper using an orthotopic human GBM model xenografted in nude rats, early predictive values were highlighted using MRI sequences at different times after iPDT. Moreover, with ^1^H-MRS, we applied the quantitative spectral analysis to measure and compare metabolites expression before and after iPDT for the tumor tissue and in the healthy contralateral hemisphere. For the first time, we demonstrated the ability of a longitudinal follow-up to characterize the tumor response by structural, vascular and metabolic ways in a time-dependent manner and unexpectedly, we clearly highlighted the ability to discriminate non-responding from responding animals. MR imaging techniques can potentially help evaluate the underlying key histopathological features of GBM by showing the physiologic changes and metabolic activities, thus improving radiation treatment efficiency. We currently suggest an optimal and rational fractionation scheme for iPDT using these MRI sequences. These functional tools provide a new window to guide and monitor the treatment of gliomas. Application of these imaging techniques could lead to sophisticated and personalized patient care.
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Tau

:   Taurine

TE

:   Echo Time

TR

:   Repetition time

TGD

:   Tumor Growth Delay

TPP-COOH

:   5-(4-carboxyphenyl)-10,15,20-triphenylporphyrine

VAPOR

:   VAriable Power Optimized Relaxation delays

Φ~f~

:   fluorescence quantum yield

F~D~

:   ^1^O~2~quantum yield

T2\*

:   T2 star
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![Photophysical properties of the free photosensitizer (TPP in red, in toluene), and after its coupling to the AGuIX nanoparticles (AGuIX-TPP in blue, in D~2~O). Absorption *spectra* (**a**), fluorescence emission *spectra* for the same absorbance (λexc = 419 nm) (**b)**and singlet oxygen emission *spectra* for the same absorbance after excitation at 419 nm (**c**). Size distribution determined by photon correlation spectroscopy of AGuIX® nanoparticles with (in blue) or without TPP (in green) (**d**). A table summarizing photophysical and chemical characteristics (**e**).](thnov07p0436g001){#F1}

![Proton-weighted images (TR/TE: 5000/33ms, NEX: 2, FOV: 4x4 cm, matrix: 256x256, SI: 1 mm) showing the fiber insertion in coronal (**a**) and sagittal (**b**) planes. Kaplan-Meier survival curves for control rat (black line) *versus* treated rats (red line) by iPDT (radiant power = 50 mW; radiant energy = 26 J) with AGuIX®-TPP nanoparticles with the endpoint when the tumor volume reached 5 times their initial volume. Statistical analysis was performed using the log-rank test p= 0.003 (**c**). Using DWI (TR/TE: 3000/30ms, FOV: 4x4 cm, matrix: 128x128, SI: 1mm), the post-iPDT evolution of the ADC values in the tumor ROI of the treated rats (red boxes) and control rats (black boxes) (**d**). T2 weighted images (TR/TE: 5000/77ms, NEX: 2, FOV: 4x4 cm, matrix: 256x256, SI: 1 mm) (left) and ADC map (right) of a representative control rat (black rectangle) and treated rat (red rectangle) 1 day post-iPDT (**e**). The arrows indicate a representative vasogenic (black arrow) and cytotoxic edema (white arrow) only for the treated group.](thnov07p0436g002){#F2}

![Relative growth kinetics with the theoretical diameter D. Identification of two sub groups in the treated group (for details see Experimental Section *In vivo PDT response variables*) (**a**). Kaplan-Meier survival curves of U87MG tumors for control (black line), responder (red line), and non-responder (blue line) groups, considering the percentage of tumors not having reached 5 times their initial volume at the end point. Significant difference between responder and control groups is found with a log rank test: p=0.002 (**b**). ADC values relative to the pre-treatment from the tumor ROI of responder group (red boxes) increase significantly compared to control group (black boxes) and non-responder group (blue boxes) (**c**). The relative rate of hemorrhage normalized to the pre-treatment values comes from T2\* map values for the control (black), responder (red) and non-responder (blue) groups (**d**). The relative rate of *edema* normalized to the pre-treatment values for the same different groups (**e**).](thnov07p0436g003){#F3}

![Board of T2 weighted images in coronal (1) and axial (2) planes (TR/TE: 5000/77ms, NEX: 2, FOV: 4x4 cm, matrix: 256x256, SI: 1 mm), ADC and T2\* maps for a representative responder rat (**a**) and a non-responder rat (**b**). On ADC map (3), black arrows indicate vasogenic *edema* and white arrows cytotoxic *edema*. On T2\* map (4), black arrows indicate micro-hemorrhage and white arrows cytotoxic *edema*.](thnov07p0436g004){#F4}

![Metabolic profiles of the three groups. ^1^H-MR spectroscopy PRESS-1H sequence for the spectra acquisition were used (TR/TE: 2500/20ms, NEX : 512, VOI : 2.5x2x3mm). The variability of the water amplitude in the contralateral voxel compared day per day. The values vary up to 9% (**a**). The spectra of the tumor voxel (red spectrum) and the contralateral voxel (black spectrum) with the following peaks: CH/CH2/CH3 0.89, 1.31, 5.33; NAA 2.01, 2.49, 2.65, 2.05; glutamine 2.45; glutamate 2.35; GLX 2.35, 2.45, 2.04, 3.76; Cr 3.03, 3.92; Cho 3.22; tau 3.41, 3.24; Min 3.52, 3.63 (**b**). Relative amplitude (/water amplitude) for each metabolite for the responder group (red triangle), non-responder group (blue circle) and control group (black square) just before iPDT (**c**), just after iPDT (**d**), 1 day after iPDT (**e**), 2 days after iPDT (**f**), 3 days after iPDT (**g**) and 7 days after iPDT (**h**). Data are presented as mean ± standard deviation (SD), responder group n=5; non-responder group n=3; control group n=5. A non-parametric Mann-Whitney statistical test was used to compared the responder and non-responder groups with p\<0.010**¤**and responder to control groups with p\<0.005**\***.](thnov07p0436g005){#F5}

![Histological images of U87MG tumor and BAT, 1 day post-iPDT for the responder (left) and non-responder groups (right). Representative *edema* images of hematoxylin-eosin staining indicate in responder group a major neutrophils infiltration (green arrow) (**a**) and apoptotic bodies (green arrow) (**b**) *versus* a lack of neutrophil infiltration (**d**) and a bleeding process (x40) (**e**). Representative images of Ki67 staining counterstained with hematoxylin-eosin in responder group (**c**) and in non-responder group (**f**). Abbreviations: T: Tumor; BAT: Brain Adjacent to Tumor; E: *Edema*](thnov07p0436g006){#F6}

![Simulation of the photons propagation. Two illustrative implantations of the fiber positioning into the tumor tissue of responder rats (red block); proton density weighted MRI (TR/TE: 5000/33 ms, NEX: 2, FOV: 4x4 cm, matrix: 256x256, SI: 1 mm) (**a**), and two other representative optical fiber implantation into the tumor of non-responder group (blue block) (**b**); proton density weighted MRI (TR/TE: 5000/33 ms, NEX: 2, FOV: 4x4 cm, matrix: 256x256, SI: 1 mm). Monte Carlo simulation of the light scattering through the tumor tissue (sphere of 2 mm diameter (black circle), µ~a~ = 0.094 mm^-1^ µ~s~ = 6.32 mm^-1^) and healthy tissue around (µ~a~ = 0.057 mm^-1^ µ~s~ = 28 mm^-1^from [@B54]) which illustrates the isodoses distribution in the responder group (**c**) and in the non-responder group (**d**). Each colored line represents an irradiated volume receiving the same light dose. The isodose curves decrease with the distance from the light source from yellow to blue, corresponding to 80, 60, 40, 20, 10, 5 and 2 % of the initial light dose.](thnov07p0436g007){#F7}

###### 

An overview of the main results of direct and indirect effects 1 and 7 days post-iPDT in control, responder and non-responder groups.
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